INTRODUCTION
Unsteady phenomena with shock-wave reflection, vor-tices and boundary-layer separation affect the reliability and aerodynamic characteristics of turbines. In particular, identifying and controlling the aerodynamic interaction between the unsteady main flows and the cooling flows ejected from air-cooled blades is important for the design of hightemperature gas turbines with a high degree of reliability and efficiency.
Many experimental studies of unsteady aerodynamic phenomena in turbine cascades have been carried out. Heinemann et at (1975) and Lawaeseck et al. (1976) observed vortices shedding from blunt trailing edges of gas turbine awrades, and measured the frequency of the vortices. Recently, the effects of vortex shedding on cascade losses (Roberts and Denton, 1996) and on the trailing edge pressure distribution (Cicatelli and Sieverding, 1996) were investigated in subsonic flows, while some different vortex shedding patterns of transonic wake flows were investigated by .
• Furthermore, many analytical or computational re searches on unsteady flow phenomena in turbine cascades have been carried out. Initially, potential flow analyses or Euler calculations were mainly used for these researches. In recent years, however, Navier-Stokes calculations have been used to simulate unsteady cascade flows. Rai (1987) presented an unsteady thin-layer Navier-Stokes approach to calculating the 3-D flow with the stator/ rotor interaction in a turbine stage. Yamamoto and Daiguji (1989) presented an implicit time-marching finite-difference method for solving the ensemble-averaged Navier-Stokes equations with a k -e turbulence model, and calculated the 2-D transonic turbine stage flows with the stator/rotor interaction. Hah (1992) calculated a 3-D stator/rotor interaction flow with a control volume approach using a two-equation turbulence model. Hodson and Dawes (1996) demonstrated the effects of unsteady inflow on the stagnation quantities using measurements and calculations. The above-mentioned vortex shedding in a transonic turbine cascade was simulated by Currie and Carscallen (1996) . These studies show that computational methods are becoming powerful tools that can be used to predict unsteady phenomena in turbomachinery.
Recently, some intensive studies on aerodynamic performance of transonic turbine guide vanes with trailing edge coolant ejection have been presented. Kapteijn et al. (1994) investigated two trailing edge designs for high temperature gas turbine inlet guide vanes with coolant ejection in a straight cascade wind tunnel. Marteffi and Michelassi (1993) and Michelassi et al. (1994) presented the steady numerical simulation of transonic flows through the same guide vanes with coolant ejection. Sieverding et al. (1994) investigated three-dimensional wake profiles in downstream planes of a turbine trailing edge cooled nozzle guide vane in an annular cascade facility Bohn et al. (1995) showed experimental and numerical investigations of the coolant ejection flows in detail. These recent studies give good timeaveraged understandings of the wake mixing process behind transonic turbine guide vanes with trailing edge coolant flow ejection, but researches on the unsteady aerodynamic mechanisms associated with the interaction between the trailing edge vortices and shock waves and the effect of coolant ejection are still needed.
A numerical method for solving the unsteady compressible Navier-Stokes equations with the two-equation k -e turbulence model in general curvilinear coordinates Daiguji, 1991, 1993) is well adapted for transonic and supersonic cascade flows. The distinctive feature of this method is its use of the momentum equations of contravariant velocity components. A higher-order accurate difference scheme (Yamamoto and Daiguji, 1992) , based on the MUSCL TVD scheme, is used to improve the resolution of shock waves. Recently, the accuracy of this numerical method in blade wake regions has been improved by modifying the computational grid to eliminate interpolation calculations along the downstream periodic boundaries . In the following numerical studies, the authors demonstrated aerodynamic loss generation mechanisms and unsteady phenomena in transonic turbine cascade flows with vortices shedding from trailing edges (Tanuma et at, 1993a (Tanuma et at, , 1993b . Recently, this numerical method was modified to calculate multi-pitch blade-to-blade flow paths, and was extended to calculate unsteady transonic flows through gas turbine cascades with the trailing edge coolant ejection (Tanuma et at, 1995a (Tanuma et at, , 1995b .
The purpose of the present study was to apply this atended numerical method to simulations of steady and unsteady flows through gas turbine cascades with trailing edge coolant ejection, verifying the accuracy of this analytical method with annular cascade tests, and to elucidate the unsteady aerodynamic mechanisms associated with the interaction between the trailing edge vortices, shock waves and coolant ejection in transonic gas turbine cascades, comparing results of the steady and unsteady calculations.
FUNDAMENTAL EQUATIONS
The two-dimensional compressible Navier-Stokes equations of contravariant velocities and the two-equation k -e turbulence model in general curvilinear coordinates Daiguji, 1991, 1993) 
where gli (i = 1,2) are the flux vectors and A is an addi- 
where R and 7 are the gas constant and the specific heat ratio, respectivel y.
The fundamental equations (I) include the k -e model with low Reynolds number effects proposed b y LaunderSpalding and extended by Chien. This model was chosen to estimate turbulent flows havin g unstead y wakes, such as the internal flow in turbomachiner y, because it incorporates the transport phenomena or turbulent quantities. Otherwise, the viscous loss can not be estimated correctl y.
Equations (1) are solved by using the implicit timemarchin g finite-difference method discretized b y the tech-.. . niques of delta-form approximate-factorization, dia gonalization, and upwindin g. The procedures used in these-H . 1 derivations were reported b y Yamamoto and Dai guji (1991) .
A 4th-order accurate compact difference scheme (Yamarnoto and Dai guji, 1992) based on the MUSCL Tvi) scheme is used to improve the resolution of shock waves and vortices which occur in unstead y transonic flows throu gh turbine cascades. ,
UNSTEADY CALCULATION
The unstead y al gorithm was developed b y introducing the Newton iteration and the Crank-Nicholson method. Finally, Eq . (1) is an usual way to compare 2-D numerical results with that of straight cascade tests, annular cascade tests was chosen for the following two purposes. As Yamamoto and Daiguji (1993) and Tanuma et al.(1993a) already showed that the present 2-D numerical analysis had good accuracy and was available for loss prediction of a straight cascade without coolant ejection, so that the first purpose of using the test results of the annular cascade was to confirm the accuracy when the numerical code is applied for .the mid-span of annular blade rows which is closer to actual turbine than a straight one. The second purpose was to investigate some aerodynamic effects of coolant ejection to secondary flows existing near the endwalls, which will be done in the next research step. The present paper will show the comparison of the measurement results at the mid-span of the annular cascade with the results of numerical analysis on the same condition. -Compressed air is supplied from a 2.75MW motor-driven compressor through an air cooler and a control valve to the test turbine in Fig. 1 , and exhausted to the atmosphere. The coolant air is supplied through branched lines after the air cooler, including a set of orifice plates for flow measurement and a flow control valve. The coolant air enters the blades from the hub endwall. Figure 2 shows a meridional view of the test section. The rotor is removed from the equipment, because the purpose of present tests is aerodynamic measurement at the mid-span of stator vanes. Coolant air supplying pipes and pressure measurement pipes for coolant cavities are attached to the test nozzle blades. A 3-hole probe for measurement of inlet pressure, temperature, and flow direction is inserted upstream of the nozzles. At the nozzle outlet, a 5-hole probe is inserted and can be moved automatically in radial and circumferential directions, as well as rotated to follow the direction of flow. To improve the measurement accuracy of static pressure, another pitot tube is set at the same axial location as the 5-hole probe but of different flow path. Purthermore, surface static pressures of hub and tip endwalls are measured by 14 circumferentialy distributed pressure holes. The coolant air is injected into the cavities inside the nozzle blades, and ejected through the trailing edge slots. Although the test blades have both suction side and pressure side rows of film holes with the trailing edge slot, there is no ejection from these rows under the present test condition. As the suction side and pressure side rows of film holes without coolant ejection may affect the aerodynamic loss of the blade, the measured losses were evaluated as the ratio of the loss with trailing edge coolant ejection to the loss without ejection. The test nozzle has a blunt nose figure around the leading edge for effective cooling, which is one of the prototypes for industrial heavy duty gas turbines. Figure 4 shows the cascade profile with computational grid, and Figure 5 is a detailed view of the trailing edge region. Coolant air is ejected not from whole blades of the cascade but 5 continuous blades, and the 5-hole probe traversed and measured the flow conditions on the surface located 40% axial chord downstream of the central blade of the five.
FIG I Experimental air turbine apparatus

Program
Inlet total pressure and temperature are measured at the point 4 times the axial chord upstream from the leading edge. The static pressure distribution on the nozzle surface of the mid-span was measured by pressure holes, using 2 solid blades without any ejections. One blade has pressure holes for suction side surface and another has that of the pressure side. These measurement surfaces face each other.
The coolant air and the air supplied for the cascade share the common source, so that there was no temperature difference between the main flow and the coolant.
NOZZLE CASCADE CALCULATION
Calculation Conditions 'lb compare the numerical results with the experiment, some cases of 2-D steady calculations were carried out. The blade row profile of mid-span of the annular cascade was used for 2-I) calculations as shown in Table I . The isentropic Mach number is 0.72 and the Reynolds number by the chord length of the mid-span is 1.29 x 10 6 at the nozzle exit. Other parameters for calculations were in accordance with one of the test conditions of Table 2 . Six cases of steady calculations with different ejection mass flow rates have been carried out, and the calculation ejection mass flow rate Cm defined as the percentage of the cascade outlet total mass flow rate are shown in Table 3 . While the total temperature of the coolant ejection flow at the trailing slot exit was set equal to the total temperature of the cascade inlet flow, ejection mass flow rates Cm were controlled by changing the ejection total pressure P0j. Computational Grid and Boundary Conditions Figure 4 shows the computational grid for the calculations of the nozzle cascade. As this computational grid with 181 x 61 grid points was generated algebraically with the modified 11-type grid configuration , the grid orthogonality has improved in the regions near leading and trailing edges. The downstream periodic boundaries are located along the trailing edge exit blade angle to increase the accuracy in the wake regions. On the inlet boundary, the total pressure POI, the total temperature Tot and the flow angle are given the same value as the experiment respectively, while on the outlet boundary the static pressure is fixed as the same value as the experirnent condition. The outlet boundary of the modified II-type grid is non-periodic and consists of two orthogonal lines. The outlet static pressure is given only along the short 5 OW *.
lines orthogonal with the outlet flow direction, while along the long stream-wise boundary the data is assigned by the extrapolation from the inside grid points. The no slip and adiabatic conditions are applied on the blade surfaces. Figure 5 shows the computational grid around the trailing edge ejection slot. In the present calculation, the total pressure l'Oj, the total temperature Toi and the flow angle of the ejection flow are assigned to grid points on the exit boundary of the ejection slot as ejection flow boundary conditions. As the authors thought that the distributions of the coolant total pressure and teMperature along the exit boundary of the skit should not affect the blade efficiency strongly, an uniform total pressure and temperature from the coolant slot (potential core) was imposed. The Mach number distributions given by the present steady calculations are plotted in Fig. 7 , where the result of the 0% ejection condition are compared with the result of the 3.6% ejection.
The computed tangential flow mass flux distributions around a nozzle trailing edge with and without air ejection are visualized with colors in Fig. 8 . The blue area represents a region where downward direction part (-pv) of mass flow flux is high, while the red part is a reverse flow region. When the ejection is 0%, there is a large reverse flow region just downstream from the trailing edge, and twin vortices can be visualized in this region if the velocity vectors of each grid point are plotted over this figure. When the ejection flow rate is 3.6%, the ejection flow from the trailing edge slot is clearly visible in the blade wake and the reverse flow region is made smaller. Figure 9 shows the total pressure profiles in the cascade wakes. I3oth the computed and the experimental results show that the ejection of low energy jet (p0j/p0I=0.95 for the calculation, 0.97 for the experiment) increases the wake depth but reduces the width of the wake and the addition of the total macs flow rate increases the cascade exit flow Ejection 3.6% Ejection 3.6% Ejection tingle. The reduction of the wake width is probably due to the process whereby the ejection jet supplies kinetic energy to the reverse flow region shown in Fig. 8 and this region is made smaller. The discrepancy between the solution and the data is not insignificant. As the k -6 turbulence model, which was used for the current calculations, assumes that the whole blade surfaces are turbulent, it has the tendency to overestimate profile losses. A comparison of energy loss coefficients given by the present steady calculations and the present experiment is shown in Fig. 10 . The experimental 'results reported by Kapteijn (1994) , in which a nozzle cascade with the different profile was used, are also shown in the same figure for reference. The energy loss coefficient is defined as the ratio of the actual kinetic energy to the isentropic kinetic energy of the main flow.
FIG. 7 Comparison of computed Mach number distribution
The differences of the total temperature and total pressure between the main flow and the coolant air are not accounted for in the loss definition to allow a direct comparison of the calculated and experimental energy loss Figure 10 shows excellent agreement between the calculated and the experimental results. Both the calculated and the experimental energy loss coefficients indicate their maximum values when the coolant mass flow rate approaches 2.5%. 11 -ailing edge ejection probably supplies kinetic energy to the low energy region of blade wakes. Consequently, the width of the wake turns to be smaller as shown in Fig. 9 . 'lowever, total energy of the mixed-out flow per unit mass flow should be lower than the case of no ejection, because the total pressure of the ejection flow is less than that of the main flow as shown in Table 3 . Deeper wakes with coolant ejection shown in Fig. 9 represent the lower energy of the coolant. The more the rate of the coolant, the higher the total pressure of the ejection, and this combination causes a saturation of the energy loss coefficient. It should be easily considered that the energy loss of the case of p0j/p01=1 will be roughly the same value as the case of no ejection. The mixing loss caused by the friction between trailing edge ejection and the main flow is much smaller than that of the effect of lower energy of the coolant and seems to be negligible.
BLADE CASCADE CALCULATION
Calculation Conditions
The present numerical method was applied to unsteady flows through a typical gas turbine rotor blade cascade with trailing edge coolant ejection to study the unsteady effect of ejection. The details of this straight cascade are given in et al., 1976) 0 0
Computational Grid and Boundary Conditions Unsteady calculations in multi-pitch blade-to-blade flow paths (Tanuma et al., 1995a (Tanuma et al., , 1995b have been carried out to increase solution accuracy and to study the aerodynamic mechanisms associated with vortex generation in transonic cascade flows. To investigate flows through an isolated blade row, a single blade-to-blade flow path is usually calculated with periodic boundary conditions in the bladeto-blade direction. In the case of unsteady calculations, this assumption of periodicity means that the amplitudes and phases of flow fluctuations are the sarne in all blade-toblade paths, and this method may impose artificial restrictions on flow fluctuations. So, in the current investigation, multi-pitch blade-to-blade flow paths are calculated simultaneously in every computational time step for unsteady calculations. Both end boundaries in the blade-to-blade direction are connected with each other by means of periodic boundary conditions. In the inlet boundary, total pressures and initial velocities are given sinusoidal small spatial distributions with an amplitude of 2% and a cycle of 2 bladeto-blade pitdus to simulate flow uminifortnities due to the blade throat tolerance and other inlet flow ummiformities in real turbines. Figure 11 shows the computational grid for the current investigation. A 181 x 61 grid is used for each pitch. Although the whole blade pitches for one blade row are ideal for the Unsteady calculation, four pitch blade-to-blade paths have been calculate(' to investigate the unsteady phenomena of transonic cascade flows. The pitch number four was chosen from the analogy between 2-I) calculations and straight cascade wind tumid tests with a minimuin Nit& pitch number. A single blade-to-blade flow path has been calculate(' for steady calculations. Each blade geometry and pitch length is the same. Figure 12 shows the computational grid around it trailing edge ejection slot.
In the present calculation, the total pressure 1 )0j, the totid temperature T0j, and the flow angle of the ejection flow are assigned to grid points on the exit boundary of the ejection slot. For the simple comparison with various ejection tna.s flow rates, the total temperature of ejection flows '1 10j has been set equaLto the main flow total temperature '1'01 in the current study. The mass flow rates of the coolant For unsteady calculations, as the four-pitch calculation is used, the 131 0j of each blade is set to be slightly different from each other according to the inlet total pressure distribution of the main flow to keep equal ratio of the ejection flow rate to the main flow rate per each blade path.
Results
Figures 13 and 14 are computational Schlieren pictures given by the steady and unsteady calculations, respectively. These figures have been made on a graphic workstation by translating quasi-stream-wise gradients of densities along grid points at any instant into lightness of all points in the flow field of the picture. Although there are faint line; in front of the blades, this is not because the discontinuity of the calculated flow field, but because the density gradient calculation starts from the inlet blade-to-blade period line instead of the leading edge stagnation stream line in the post-processing calculations. lb simulate Schlieren photographs, low lightness is used to represent high streamwise density gradient. The results of the steady and unsteady calculations both without coolant ejection are quite different from each other. Vortices shedding periodically from the blade trailing edges were clearly captured by the present unsteady calculation.
The convergence of the unsteady calculations was determined when the vortices from the trailing edges reached the outlet boundary and the pressure oscillations around trailing edges became periodic and regular. Figure 15 shows a Schlieren photograph (Lawaczeck et al., 1976) Calculated shock waves from pressure sides of trailing edges in Figs. 13 and 14 are clearly reduced as the ejection flow rate increases. A similar result can be found in measured Mach number distributions of other cascades with trailing edge ejection (Kapteijn et al., 1994) . This shock wave weakening is probably due to the reaction whereby the ejection flows increase the base pressures of each trailing edge and also pushed the pressure side stream lines out. On the other hand, the weak shock waves on the suction surfaces near the trailing edges become more clear as the ejection flow rate increases. This phenomenon can be observed more clearly in the unsteady calculation results shown in The instantaneous tangential flow mass flux distributions around the trailing edge with and without ejection calculated by the unsteady calculations are visualized by colors in Fig. 18 . The blue area represents the region where downward direction part (-pv) of mass flow flux is high, while the red part is the reverse flow region. When the ejection is 0%, there is the same large reverse flow region just downstream from the trailing edge as Fig. 8 of the steady calculation but this reverse flow region oscillates with the vortices shedding periodically from the trailing edge.
When the ejection flow rate is 5.4%, the ejection flow from the trailing edge slot is clearly visible in the blade wake and the reverse flow region is made smaller.
Figures 19 show the instantaneous total pressure wake profiles given by the unsteady calculations in the plane 15% of axial chord downstream from the trailing edge. Two profiles at different non-dimensional times, when the loss is in a peak and in a trough, are shown in each ejection case.
In the case of no ejection, both the main flow and wake regions fluctuate, and these fluctuations still remain in the case of 5.4% ejection, while the computational Schlieren picture and the Mach number distributions of the same (Lawaczeck, 1976) condition seem to be more stable. In the case of 5.4% ejection, there are small kinks due to the presence of the coolant jets in the troughs of the total pressure profiles. The nondimensional time t is defined as
where -indicates the dimensional value. u, and CI, are the critical velocity and the axial chord, respectively. The origin of t is chosen as the instant when the unsteady calculation begins, following convergence of the steady calculation. Figure 20 shows a comparison of the energy loss coefficients given by the steady and unsteady calculations. As mentioned previously, the energy km coefficients were derived with the definition that does not account for differences between the main flow and the coolant flow energies.
The energy loss coefficient (kinetic energy loss coefficient) is defined as
Differences between the steady and unsteady remits are large when the ejection flow rate is 0.5% and 1.3%. The most likely explanation for the difference is unsteady shock and boundary layer interactions that are induced by the shock intensity transition from the throat (0% ejection) to the downstream region ( 1.3% ejection) on the suction surface. This shock intensity transition, which can be seen by unsteady calculations is more clear than by steady calculations. This is probably because the steady calculations can not capture shock waves well when the shock waves are fluctuating. As the strong ejection seems to control the vortex generation and the effect of the high total pressure ejection (Poi/Pm = 1.0) is dominant, the agreement between the steady and unsteady calculation result is so good at the 5.4% ejection rate.
Comparing Fig. 20 to 10, the rotor blade needs more ejection mass flow rate to decrease the energy loss coefficient ratio lower then 1.0. This discrepancy between the rotor and nozzle blade is due to the differences of the ejection total pressure (Po/P01 ), that is the differences of the ratio of ejection slot width to the cascade throat. Figure 21 shows the averages of the ejection mass flow rate fluctuations of the four blade pitches of the cascade given by the unsteady calculations (Tanuma et al., 1995b) . The peak-to-peak fluctuation is about 70% of the time average value in the 1.3% ejection case, while the fluctuations are less than 20% in the other cases There seemed to be a relation between the difference of the steady and unsteady calculation results of losses and the ejection mass flow rate fluctuations.
While gas turbine designers always want to decrease the coolant flow rate to increase the thermal efficiency, the current study shows a possibility that decreases of the coolant ejection may cause the steady and unsteady aerodynamic losses. The authors have a view to extend the current study to develop the optimum design concept both for the cooling and aerodynamic blade design including unsteady aerodynamic effects.
CONCLUSIONS
An implicit time-marching higher-order accurate finitedifference method for solving the two-dimensional compressible Navier-Stokes equations was applied to the numerical analyses of steady and unsteady, subsonic and transonic viscous flows through gas turbine cascades with coolant ejection.
Annular cascade tests were carried out to verify the accuracy of the present steady analysis and the analysis has been proven to have enough accuracy for gas turbine designs.
Unsteady aerodynamic mechanisms associated with the interaction between the trailing edge vortices and shock waves and the effect of coolant ejection were evaluated by the present analysis.
Comparisons of steady and unsteady calculations show that the unsteady calculations are necessary for the study of transonic flows through gas turbine cascades with trailing edge coolant ejection.
